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Mersuretients  of  the  ic.'>age  forming  properties  of  the  eye  in  tdtite 
and  jacnochrOmatic  light  are  discussed^  ^e  results  show  chat  the  eye  foriaa 
pooret  ifiiages  than  an  aberration  free  lens  and  that  its  departure  from 
ideal  performance  increases  tMth  pupil  siae*  Since  tipiagery  is  no  better 
i^th  monochrooatlc  light  than  x:ith  white  light*  it  is  eoncluded  that 
spbericai  aberration  (or  more  properiy  irregular  variation  in  dioptric 
power  over  the  pupil)  is  probably  the  main  cause  of  the  departure  from 
ideal  perforinance.  The  results  agree  with  measurements  of  visual  acuity 
vdiich  show  that  aCuity  1$  not  significantly  altered  by  the  spectral  com^ 
position  of  the  stimulus .  Escperiments  with  annular  as  opposed  to  round 
pupils  are  briefly  diseussed. 


Note:  Copies  of  this  report  are  filed  with  the  Armed  Services  Technical 
information  Agency,  Ariington  Hall  Station,*  Arlington  12»  Virginia* 
and  may  be  obtained  from  that  agency  by  qualified  investigators 
vorl'-ing  under  Goyemraent  contract*. 
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_,.Tliirt9  jiresress  report  covers  x-jorlc  done  fron  August  Ij  1052  to 

DeGeinber  1,  1952.  file  princitpal  xjorl;  done  during  this  period  eoncems 

the  meaSuretaent  of  the  Inage  forming  properties  of  the  human  eye*  in 

_  1 

earlier  reports  similar  esEperiments  t/lth  vjhlte  light  have  been  reported; 

the  present  xjorU  coneems  image  fosiaatlbn  trLth  monochromatic  targets* 

file  apparatus  ‘Gonstructed  for  the  esiperiaents  is  a  photoelectric 

ophtha'iaGseope.  file  observer  viex«5  a  vertleal  transillcsriinated  Slitj  so 

that  an  image  of  this  slit  is  formed  on  his  retina.  The  light  in  the 

image  is  diffusely  refiected  by  the  retina  and  some  passes  out  of  the  eye 

thraugh  the  optics  of  the  eye  Vhlch  form  a  second  image  in  space.  This 

jimage  is  in  focus  in  the  plane  of  the  target  slit,,  but  by  the  use  of  a  beam 

split  ting'  pellicle  part  of  the  light  coming  out  of  the  eye  is  refiected 

to  one  side  and  fcrrcs  an  to&age  in  tile  ptane  of  a  second  vertical  slit, 

behiad  vdiich  is  iocated  a  photomultiplier*  Before  arriving  at  the  sucond 

slit  the  light  is  reflected'  by  a  ^»all  mitror  mounted  on  a  galvanometer* 

fhis  tairror  is  made  to  rotate  bach  and  forth  in  a  saw»feoothed  fashion  about 

a  vertical  assis*  i^e  image  is  thus  scanned  repeatedly  over  the  slit  in  a 

littear  fashion*  fhe  light  falling  on  the  sensitive  surface  Of  the  photo* 

multiplier  and  thus  its  electricai  output  is  proportionat  to  the  energy 

distribution  in  the  image  In  the  horiEOntal  direction.  Hence*  its  spatial 

energy  distribution  is  translated  into  a  temporal  yoltage  distribution, 

fhe  levels  of  the  light  falling  on  the  multiplier  are  quite  low  and 

the  output  signal  is  noisy,  fo  overcome  this  difficulty,  the  output  for  a 

nunber  of  passes  through  the  image  are  recorded  and  averaged'  by  the  same 

methods  as  are  used  to  improve  the  signal-tQ-noise  ratip  in  evoked  poten- 
2 

tials.  In  this  way  a  record  of  the  light  dlstributipn  unobseured  by 
noise  fluctuations  may  be  obtained. 
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This  dtstfibutiort,  however  j,  is  e  douhiy  degraded  copy  oi  the  target 
as  the  light  has  passed  through  the  Optioal  system  of  the  eye  twicer  In 

-ertier  to  deduce  the  nature  of  the  retinal  image  the  sine-wave  response 

3'  . 

theory  of  optlGal  imagery  must  be  applied#  To  apply  this  theory  it  must 
be  assumed  that  the  eye  optics  are  reversible^  i#ei,  that  a  ray  traveling 
in  one  direction  behaves  the  same  way  as  a  ray  follo'idng  the  same  path  in 
the  opposite  direction#  furthermore  it  must  be  assumed  that  the  retina 
is  primarily  a  diffuse  reflector#  On  these  assusnptions  the  eye  optics 
may  be  considered  as  a  filter  of  spatial  sinusoidal  patterns.  Since  the 
eye  optics  are  traversed  twiee  in  the  ej^erimental  situation  they  act  as 
two  filters  of  identical  characteristics  in  caSGade.  If  the  target  and 
the  recorded  light  distribution  are  suMitted  to  spatial  Fourier  analysis, 
the  response  of  the  cascaded  sysit^  may  be  found  by  dividittg  the  output 
eoeff icents  bf  tha  various  frequency  terms  by  the  input  eoefficents.  Since 
these  respbnse  terms  fepresent  the  behavior  of  the  eascaded  system  it  is 
necessary  to  take  their  square  roots  to  obtain  the  response  terms  for  a 
single  passage#  (Men  response  is  plotted  as  a  function  of  spatial  frequency 
it  is  found  that  the  eye  like  other  optical  systems  behaves  like  a  low  pass 
filter. 

Theoretical  calculations  Of  the  behavior  of  ideal,  aberration^free 

4 

lens  have  been  published.  In  this  case  it  is  assumed  that  the  system  is 
limited  solely  by  diffraction,  IMcse  rasults  show  that  the  cut-off  fre- 
queney  of  the  lens  is  detertained  by  the  wavelength  of  the  light  used  and 
the  diameter  of  the  lens.  The  cut-off  frequency  in  eyeles  per  minute  of 
arc  is  given  by  d/  3,44  X  10  /n  ,  xMere  d  is  the  diameter  of  the  lens  in 
millimeters  and  A  is  the  wavelength  of  the  light  in  millimicrons. 

Response  functipns  for  the  hvapan  eye  were  determined  for  various 
pupil  difuneters  from  3  to  8  mm.  In  absolute  terms  the  beet  imagery  la 


3 


bbCdtned  with  &  4-5  nm  pupil*  Xhat  ii>  the  cut-off  frequency  of  the  eye 
ie  highest  for  pupils  of  this  order*  in  relative  terns,  that  is*  comparing 
the  behavior  of  the  eye  to  an  ideal  system,  the  performance  deteriorates  with 
increasing .aperature*  fhe  increasing  departure  of  the  response  function 
from  the  ideal  probably  representa  the  increasing  significance  of  spherical 
and  chromatic  aberration.  - 

Biperiments  were  therefore  undertaken  to  ei&hiate  shh-^xespottse  func¬ 
tions  of  the  eye  et  various  aperatures  using  nonocbromatic  light.  Heasure- 
ments  were  also  made  with  the  same  observers  using  idtite  light  so  that  the 
performance  of  the  eye  could  be  compared  for  the  two  light  distributions 
under  equivalent  conditions.  Ihe  results  of  these  en^eriments  indicate  that 
the  performance  of  the  eye  is  not  aignif leant ly  different  with  monochroDatic 
and  whitp  light* 

Since  the  eye  is  known  to  have  considerable  chromatic  aberration 

.  I 

(the  difference  in  power  amounts  to  approximately  2  diopters  from  40?  to  ?O0 
mu),^  this  result  seems  at  first  surprising*  ttowever*  «hen  the  spectral 
distribution  of  the  White  light  source*  the  Spectral  reflectance  the 
retina  and  the  Spectral  sensitivity  of  the  photomultiplier  are  taken  into 
considerattan  it  is  apparent  that  most  of  the  energy  measured  in  the  tdiite 
light  experiments  is  concentrated  in  the  central  portion  of  the  visual 
spectrum^  (approximately  500  to  600  mu).  Over  this  region  the  dif  f  erence  in 
dioptric  power  is  only  about  .5  diopters.  It  seems  reasonable  to  attribute 
the  deviation  of  the  properties  of  the  eye  from  the  ideal  optical  system  to 
Spherical  aberration  (or  more  co:^ctly  the  variation  in  dioptric  power  over 
the  pupil  sipce  the  eye  does  not  exhibit  stng>le  symmetric  spherical  aberra¬ 
tion).  the  i^riation  .in-JpcsA^  ■length  "piaptr~appearb~  to~l!uw^W^ 

a  •large' effect  relative  to  the  contribution  of  the  chronatlc  aberration 


Chaf  the  dlf fere-nee  in  linage  quality  beiMl&tt  white  and  nonochroinatic  light 
is  not  measurable. 

These  results  are  In  good  agreeisent  with  what  is  Une\m  about  the  effect 
of  spectral  composition  on  visual  acuity.  It  has  been  generally  found  that 
acuity  is  of  the  same  order  with  white  and  colored  light  when  appropriate 
steps  have  been  taken  to  equate  luminances. 

One  of  the  purposes  of  undertaking  the  measurements  of  image  formatton 
was  to  find  those  conditions  under  tdiich  the  smallest  images  of  point  Sources 
might  be  produced  On  the  retina.  1|%is  Information  is  then  to  be  Used  to 
determine  the  experimental  conditions  for  microstimulation  experiments  being 
Garried  out  under  this  contract.  Furthermore  the  information  will  be  help*!^ 
ful  in  interpreting  the  results  of  such  eperiments.  Thus  far  the  results 
indicate  that  it  would  be  beat  to  use  a  4**$  mm  pupil.  However,  there  is 
a  susgastion  in  tbo  literature  going  baeit  to  observations  by  thd  astronomer 
Herschel,  that  finer  point  images  may  be  obtained  by  use  Of  annular  pupils.^ 
Experiments  are  now  in  progress  to  eyaiuate  imagery  through  such  a  system. 
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